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Eects of gain-scheduling methods in a classical wind
turbine controller on wind turbine aeroservoelastic
modes and loads
Tibaldi C, Henriksen LC, Hansen MH and Bak C
Department of Wind Energy, Technical University of Denmark
The eects of dierent gain-scheduling methods for a classical wind turbine controller,
operating in full load region, on the wind turbine aeroservoelastic modes and loads are
investigated in this work. The dierent techniques are derived looking at the physical
problem to take into account the changes in the aerodynamic characteristics as a function of
the wind speed. The modal analysis is performed with a high-order linear aeroservoelastic
model computed with the frequency based stability tool HAWCStab2. The time series
of the wind turbines loads are computed with the non-linear time domain tool HAWC2.
Results show changes in the natural frequency and in the damping ratio of the speed
regulator mode and of the tower longitudinal mode when using the dierent gain-scheduling
schemes.
I. Introduction
In this paper a comparison of dierent gain-scheduling techniques for a classical Proportional Integral
(PI) collective pitch wind turbine controller is performed. In the above-rated region, where the PI controller
is active to set the blades pitch angle, the aerodynamic characteristics of wind turbines are subject to
signicant variations. These dierences are due to the changing wind speed, mean blade pitch angle, and
blade deformation. Hence, a gain-scheduling technique that can compensate and take into account for these
changes is needed to obtain uniform performances of the speed regulator.
Gain-scheduling techniques have been presented by dierent authors. These approaches dier mainly on
the variable used for the parametrization and on the methodology to compute the coecients of the gain-
scheduling function. ye1 presented a method to account for the dierent sensitivity of the aerodynamic
torque to pitch angle variations occurring at dierent wind speeds. In the method suggested by ye the gains
are changed linearly with the pitch angle. The gains of the PI controller and the coecients used for the gain-
scheduling are derived with the pole placement of the rigid body drivetrain mode. This approach has also
been used by Wright.2 Bossanyi3 also suggests a linear gain-scheduling with respect to the pitch angle. In
his works he also states that, since the thrust sensitivity varies in a dierent way, a dierent parametrization
may be required to ensure good performances at all wind speeds. A previous investigation by Hansen4
has shown that the linear interpolation suggested by ye does not guarantee the correct placement of the
speed regulator mode for all the operational range. For high wind speeds the gain-scheduling method is not
able to ensure the location of the pole and the value of the frequency increases for increasing wind speeds.
Furthermore, the damping of the resultant regulator mode diers from the value set with the placement
technique. Therefore, the need of a better gain-scheduling to guarantee a better location of the pole in all
the operational range exists.
The purpose of this work is to characterize the performances of some gain-scheduling techniques. To
achieve this a high-order linear aeroservoelastic model of a wind turbine is used to perform closed-loop modal
analysis. The analysis is performed to take into account the possible coupling between the controller and the
structure as shown in previous works.4,5 In this investigation the method suggested by ye1 is considered
as a baseline. This method is then extended as suggested by Hansen4 with a quadratic parametrization of
the derivative of the aerodynamic torque with respect to the pitch angle. Finally, a modied gain-scheduling
tlbl@dtu.dk
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is introduced to compensate the changes in the derivative of the aerodynamic torque with respect to the
rotational rotor speed. The performances of the gain-scheduling techniques are evaluated by looking at the
frequency and damping of the speed regulator mode and at relevant wind turbines loads. The investigation
is performed using HAWCStab28,9, 10 to generate a high-order linear aeroservoelastic model of the wind
turbine and to perform the closed-loop modal analysis. HAWC26 is exploited to validate with a non-linear
multi-body aeroservoelastic model the results obtained with HAWCStab2 and to identify how loads and
performances are aected. The 5 MW NREL reference turbine7 is used in the investigation. The new gain-
scheduling method shows an improvement in the positioning of the speed regulator mode, especially at high
wind speeds. The frequency of the mode decreases getting closer to the intended value. Hence, higher rotor
speed excursions and lower tower loads occur at high wind speeds compared to the traditional approach.
This paper is structured as follows. In the rst part of this investigation three gain-scheduling are derived
based on the same simplied model. The methods are then used with a single degree of freedom wind turbine
model to evaluate the position of the speed regulator mode. Rotor speed responses to wind steps of the single
degree of freedom linear model are compared with those obtained with HAWC2 with a fully sti turbine.
The gain-scheduling methods are then compared closing the loop with a high-order model. The analysis
is performed comparing frequencies and damping of the dierent aeroservoelastic wind turbine modes. A
comparison with HAWC2 is also performed with this model. Finally, the gain-scheduling are compared
looking at their inuence on some wind turbine loads.
II. Linear aeroservoelastic wind turbine model
The linearized model, used for the investigation is obtained with the in-house developed tool HAWCStab2.
HAWCStab2 is an improved version of HAWCStab 8 and it includes a dierent kinematics. The model is
based on an analytical linearization of a non-linear nite beam element model coupled with an unsteady blade
element momentum model of the blade aerodynamic. The aerodynamic model includes shed vorticity and
dynamic stall. The model does not include dynamic inow and assumes frozen wake. A detailed description
of the model is provided by Hansen.9 An extensive validation and analysis of the open-loop performances
of the tool are provided by Snderby and Hansen.10 The controller used to close the loop is a simplied
linearization of the controller described by Hansen and Henriksen.11 The controller included in HAWCStab2
regards only the above-rated region. In this region the primary controller objectives are to maintain constant
rotational speed and constant power or torque. The linearized controller includes the PI pitch controller,
a second-order lter of the rotor speed feedback and a rst-order lter of the measured pitch angle. The
ltered pitch angle is required by the gain-scheduling. The linearized controller is described in detail by
Hansen.4 The closed-loop high delity model used for the investigation is composed by 834 dynamic states,
336 aerodynamic and 498 structural.
III. Controller tuning and gain-scheduling techniques
In this section the method to perform the controller tuning is shown and the dierent gain-scheduling
schemes are introduced.
The tuning of the proportional and integral gains (kP and kI) of the PI controller is based on pole
placement of the rigid body drivetrain mode introduced by ye.1 The method assumes rigid turbine, quasi-
steady aerodynamics, no rotor speed lters, and no pitch actuators. Under these assumptions the open-loop
system can be described with a single degree of freedom second-order system
I _
 = Q(V;
; ) Qg(
) (1)
where _
 is the rst time derivative of the rotational speed, I is the total drivetrain inertia including rotor,
shaft, gearbox and generator, Qg is the controlled generator torque that for the given control law depends on
the rotor speed, and Q is the aerodynamic torque that depends on the wind speed V , the rotor speed, and
the pitch angle . After linearizing Eq. (1) around the operational steady states, the second-order system
can be written as
I +
@Qg
@

  @Q
@


_  @Q
@
 = 0 (2)
where _ is the rotor speed variation relative to the rated rotor speed _ = 
   
R,  is the pitch angle
variation,
@Qg
@
 is the partial derivative of the generator torque with respect to the rotor speed and
@Q
@
 and
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@Q
@ are the partial derivatives of the aerodynamic torque with respect to the rotor speed and the pitch
angle respectively. The last two terms, @Q@
 and
@Q
@ , can also be referred to as aerodynamic damping and
aerodynamic gain respectively. The dependency on the wind speed of the aerodynamic damping has been
neglected since the focus is on the homogeneous system to perform eigenvalue analysis. The linearized
equations of the PI pitch controller are
 = kP _+ kI (3)
where  is the integral of the of the rotor speed variation _. If the controller is included in the system the
resulting closed-loop equation is
I +
@Qg
@

  @Q
@

  kP @Q
@

_  kI @Q
@
 = 0: (4)
The pole placement is performed imposing the natural frequency !
 and damping ratio 
 to the second-
order system in Eq. (4).
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The two equations in Eq. (5) can be solved for the two PI gains
kP =  
2
!
I   @Qg
@

+
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@

@Q
@
kI =  !
2

I
@Q
@
(6)
The gains obtained with this approach depend only on the frequency and damping of the speed regulator
mode, the drivetrain inertia, the derivative of the generator torque with respect to the rotational speed,
and the gradient of the aerodynamic torque. The frequency and the damping ratio of the speed regulator
mode are usually selected to be lower than the rst longitudinal tower mode frequency to avoid resonance
conditions but high enough to avoid large rotor speed excursions. The derivative of the generator torque
with respect to the rotational speed depends whether the wind turbine is regulated for constant torque
(
@Qg
@
 = 0) or constant power (
@Qg
@
 =
Pr

2 where Pr is the rated power). In this work constant torque is
selected, therefore
@Qg
@
 is set to zero. The rotor inertia, for a xed rotor, depends only on the changes in rotor
diameter due to steady static blade deformations. For the 5 MW NREL reference turbine the maximum
variation of the inertia is 0:1%. For this reason the drivetrain inertia can be approximated as constant.
Both the aerodynamic gain and the aerodynamic damping depend on the operational conditions, hence the
necessity to have a gain-scheduling scheme.
In this work the aerodynamic gains and damping are approximated with a polynomial approximation as
functions of the pitch angle . The value of the pitch angle used for the gain-scheduling is obtain ltering
with a rst-order lter the measured pitch angle. In this investigation the time constant of the rst-order
lter is set to a high value to neglect its dynamic. If a quadratic t is selected, the approximations are
@Q
@
 @Q
@

0

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
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0
1
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@
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0

1 +
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+
2
K2;


=
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0
K;
 (7)
where the parameters K1, K2, K1;
 and K2;
 can be computed from tting of quasi-steady calculations. In
this investigation the polynomials are tted to the gradient computed with HAWCStab2 using a least-squares
method. In the work by ye1 and Hansen9 the inuence of the aerodynamic damping is neglected for the
tuning while the aerodynamic gain is approximated with a linear and quadratic t respectively. Figures 1
and 2 on the following page show the aerodynamic gain and the aerodynamic damping. Values computed
with HAWCStab2 and a linear and quadratic polynomial tting are plotted. The gures show how the tting
is improved when using a quadratic approximation compared to the linear.
Substituting the approximations in Eq. (7) into the gains in Eq. (6) the gains can be written as
kP = kP;0K + kP;0;
KK;
 kI = kI;0K (8)
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Figure 1. Partial derivative of the aero-
dynamic torque with respect to the pitch an-
gle @Q
@
. Circles: HAWCStab2 computations.
Curves: linear and quadratic least-squares t.
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Figure 2. Partial derivative of the aero-
dynamic torque with respect to the rotor
speed @Q
@

. Circles: HAWCStab2 computations.
Curves: linear and quadratic least-squares t.
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Depending on whether a linear or quadratic polynomial approximation is selected and whether the aerody-
namic damping is neglected, dierent gain-scheduling solutions can be obtained.
A. PI gains
In this work three dierent gain-scheduling schemes are compared:
 Lin. assumes a linear variation of the aerodynamic gain and no aerodynamic damping,
 Quad. assumes a quadratic variation of the aerodynamic gain and no aerodynamic damping,
 Quad.+Damp assumes a quadratic variation of the aerodynamic gain and damping.
Due to the dierent gain-scheduling the PI gains will dier from each other at each wind speed. Figure 3 on
the next page shows the proportional and integral gains computed with the dierent gain-scheduling methods.
A natural frequency fn;
 of 0:1Hz and damping ratio 
 of 0:7 are assigned to the rotor speed regulator
mode. A reference value is also shown where no gain-scheduling is used but the gains are computed using
for each operational point the actual values of the gradient computed with HAWCStab2. This comparison
allows evaluating how the dierent approaches perform compared to ideal reference values. Using a quadratic
instead of a linear approximation for the aerodynamic gain does not signicantly aect the controller gains.
The larger dierence is noticed at low pitch angles, at the beginning of the above-rated region. Here the linear
tting leads to higher proportional and integral gains compared to the reference values and those obtained
with a quadratic tting. Neglecting the aerodynamic damping only aects the proportional gain, as seen
in Eq. (8). The dierences can be noticed for increasing pitch angles. Without the aerodynamic damping
the proportional gain results to be even more than twice the reference value. This rst comparison shows
that the linear approximation of the aerodynamic gain has poor agreement for low pitch angles with the
reference values. Neglecting the aerodynamic damping @Q@
 penalizes the gains at higher wind speeds. The
proportional gain is the most aected by the choice of gain-scheduling, consequently dierent performances
are expected especially for the damping of the regulated mode.
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Figure 3. Comparison of the proportional and integral gains computed with the dierent gain-scheduling
methods. The reference gains are obtained without gain-scheduling and using the actual values of the gradient
of the aerodynamic torque.
IV. Results
In this section results from the closed-loop analysis are shown. First the investigation is carried out on
a single degree of freedom model and then on a high-order model.
A. Single degree of freedom
In this section the three gain-scheduling methods are compared closing the loop with a single degree of
freedom model of a wind turbine. The model used is the same as the one used for the tuning, hence the
pole placement depends only on the gain-scheduling and it is not aected by the inuence of other modes.
Figure 4 on the following page shows the natural frequency and the damping ratio of the rotor speed regulator
mode. The results obtained with the three gain-scheduling methods are compared with those obtained with
the reference gains. The reference gains place the regulator mode exactly where it is desired to, fn = 0:1Hz
and  = 0:7. Even when using a single degree of freedom model signicant dierences can be noticed between
the results obtained with the dierent techniques. If a quadratic tting of the aerodynamic gain is selected
an improvement in the frequency location can be noticed, Figure 4 on the next page a). The linear tting
generates a frequency that is almost 7% higher than the reference one at low pitch angles. With the quadratic
tting of the aerodynamic gain the natural frequency has a maximum discrepancy compare to the reference
value of less than 0:5%. Dierent results appear for the damping ratio in Figure 4 b). If the aerodynamic
damping is neglected in the gain-scheduling the damping ratio of the regulator mode diers from the placed
value. The mode damping increases with the pitch angle and becomes over-damped for a pitch angle of
17 deg. When including the aerodynamic damping the resultant damping ratio is almost overlapped to the
reference value. Figure 5 on the following page shows the trajectory of the regulator mode poles as function
of the wind speed when a linear tting of the aerodynamic gain is used and no aerodynamic damping is
considered for the gain-scheduling. At low wind speeds the poles are complex-conjugate, hence the mode is
undamped. When the wind speed increases the poles approach the real axis. Between 20m/s and 21m/s
the poles become real and therefore the mode becomes over-damped. The distance between the poles keeps
increasing for increasing wind speed leading to a further increase in the damping of the mode.
1. Comparison of the linear and non-linear model
The results obtained with the single degree of freedom model are here compared with HAWC2 simulations.
The comparison is performed looking at the time response of the rotational speed to a step in the wind
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Figure 4. Natural frequency and the damping ratio of the rotor speed regulator mode using a single degree
of freedom model of the wind turbine.
speed. The comparison aims at identifying if the two dierent codes agree on the location of the regulator
mode. Here the aim is not to investigate the limit of the linear approximation with respect to the non-linear
model. To have the same model assumptions as in the linear model, the structure in the HAWC2 model is
made sti and the dynamic stall model is disabled. Here the linear model is obtained with HAWCStab2.
The wind speed step is of 0:5m/s. For the HAWC2 simulations the wind step reaches the declared wind
speed, e.g. the wind step at 15m/s goes from 14:5 to 15m/s. For the HAWCStab2 responses the linear
model at the nal wind speed is used. In Figure 6 on the next page the rotor speed variation due to a wind
speed step is compared between HAWC2 and HAWCStab2 at 15, 20, and 25m/s. The gain-scheduling Lin.
and Quad.+Damp. are shown. The time response of the two models appears to be of good agreement. The
maximum amplitude of the overspeed, the time at which the maximum overspeed occurs and the time the
system needs to reach the steady state give an indication that the two models agree on the values of the
regulator mode frequency and damping. When using the gain-scheduling Lin. the system appears to be
slower at regaining the steady state speed for increasing wind speed, indicating an increase of the damping.
−1.2 −1.0 −0.8 −0.6 −0.4
ℜ(λ)
−0.4
−0.2
0.0
0.2
0.4
ℑ
(λ
)
12 m/s
20 m/s
12 m/s
20 m/s
25 m/s25 m/s
Figure 5. Trajectory of the pole associated with the speed regulator mode for increasing wind speed. Poles
obtained with a linear tting of the aerodynamic gain and without aerodynamic damping (Lin.).
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Figure 6. Rotor speed variation due to a wind speed step. Comparison between HAWC2 and HAWCStab2
at 15, 20 and 25m/s. Linear and quadratic gain-scheduling with additional damping term. Rigid wind turbine
and steady aerodynamic.
On the other hand when using the Quad.+Damp. gain-scheduling, the rotor speed has similar response at
the dierent wind speeds. The overspeed value is dierent because the sensitivity of the aerodynamic torque
to a wind speed variation changes with the wind speeds. The shape of the response is simply scaled by a
factor indicating similar frequency and damping of the regulated mode.
B. High-order model
In this section the performances of the gain-scheduling methods are compared closing the loop with a high-
order model. The model is obtained with HAWCStab2. The model includes a fully exible turbine, unsteady
aerodynamics and a second-order lter of the rotor speed for the PI controller (natural frequency of 0:6Hz
and damping ratio of 0:7). The controller tuning is performed to assign to the regulated pole a frequency
of 0:1Hz and a damping ratio of 0:7, Figure 3 on page 5. Figure 7 on the next page shows the damped
natural frequency and the damping ratio of the rotor speed regulator mode for the high-order model. It
appears immediately that all the three approaches fail at placing the pole where it is asked with the tuning.
The damped natural frequency results at higher values while the damping at lowers. When using only the
aerodynamic gain in the gain-scheduling (Lin. and Quad.) the natural frequency grows linearly with the
wind speed. The addition of the aerodynamic damping, Quad.+Damp. improves the location of the pole
reducing the dependency on the wind speed and reducing the minimum value. The opposite happens for the
damping. The Lin. and Quad. approaches have a lower damping in the whole wind speed range compared
to the more complex method. The Quad.+Damp. approach seems more capable at pulling up, closer to
the reference value, the damping for increasing wind speeds. For the full model the situation is critical at
the beginning of the operational region. Here indeed the damping ratio drops considerably approaching 0%
instead of the desired 70%. The more detailed gain-scheduling approach Quad.+Damp. is able to increase
the damping compared to the simple one Lin. but, still, the value of the damping is signicant lower than
the desired one. At low wind speeds the scheme Quad. achieves the same performances of the more complex
method Quad.+Damp.. The reason of this poor performance of all the approaches is partially due to the
presence of the second-order rotor speed lter. Figure 8 on the following page shows the eect of the second-
order lter on the damped frequency and the damping ratio of the rotor speed regulator mode. When
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Figure 7. Damped natural frequency and damping ratio of the rotor speed regulator mode using a high-order
model of the wind turbine. Comparison of the three gain-scheduling schemes.
removing the lter the damped natural frequency of the regulator mode decreases in all the range except at
12m/s. The maximum dierence occurs in the central part of the operational region when a reduction of
approximately 6% occurs. The damping ratio shows signicant dierences when removing the lter. The
minimum value goes from approximately 5% to 30%. Since it is not possible to remove the rotor speed
lter for real application, because the drivetrain mode would be excited by the pitch action, a signicant
care must be taken when deciding its cut-o frequency.
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Figure 8. Damped natural frequency and the damping ratio of the rotor speed regulator mode using a
high-order model of the wind turbine. Comparison of the inuence of the second-order rotor speed lter when
using the gain-scheduling that includes the aerodynamic damping Quad.+Damp..
8 of 12
American Institute of Aeronautics and Astronautics
1. Comparison of the linear and non-linear model
In this section the systems obtained with the high-order linearized model are compared with results computed
with a non-linear model obtained with HAWC2. Figure 9 shows the comparison between HAWCStab2 and
HAWC2 results of the rotor speed response to a wind speed step. The wind speeds are 15, 20, and 25m/s.
Only the Lin. and Quad.+Lin. gain-scheduling methods are compared. The comparison shows a similar
behavior in both models. In the time responses it is possible to identify three dierent modes that are excited
by the wind speed steps the regulator mode, the drivetrain mode, and the rst lateral tower mode. The
regulator mode is the dominant one. The drivetrain mode can be noticed close to the maximum overspeed as
a high frequency variation. The rst lateral tower mode can be noticed once the regulator mode oscillations
are damped out. The frequency and the damping of the regulator mode are in a satisfactory agreement
between the two models. For both gain-scheduling methods the damping increases for increasing wind
speed, as shown in the previous section.
2. Eects on the wind turbine aeroservoelastic modes
Figure 10 on the following page shows the eect of the gain-scheduling method on the closed-loop aeroservoe-
lastic wind turbine modes. The only modal damped natural frequency that is aected is the rst longitudinal
tower mode. When using the Quad.+Damp. method the frequency of the rst longitudinal tower mode de-
creases for increasing wind speeds. At 25m/s the rst longitudinal tower frequency is almost coinciding with
the rst lateral tower mode. When looking at the rst modes it also appears that when the aerodynamic
gain is neglected, the speed regulator damped frequency increases with the wind speed and it approaches
the rst tower modes. This reduction in the frequency gap could be a problem when the tower has a lower
frequency or when a more aggressive speed regulation (i.e. higher natural frequency of the speed regulator
mode) is required. In these cases the two modes might coincide and high loads due to tower excitation could
occur. Hence, taking into account also the aerodynamic damping in the gain-scheduling reduces the risk of
running into tower excitation problems. Figure 11 on the next page shows the eect of the gain-scheduling
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Figure 9. Rotor speed response to a wind speed step. Comparison between HAWC2 and HAWCStab2 at 15,
20 and 25m/s. Linear and quadratic gain-scheduling with additional damping term. Fully exible wind turbine
and unsteady aerodynamic
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Figure 10. Closed loop aeroservoelastic damped natural frequencies of the rst 10 turbine modes. Comparison
between the gain-scheduling methods.
methods on the damping ratio of the rst ten closed-loop aeroservoelastic wind turbine modes. Other than
the speed regulator mode the rst longitudinal tower mode appears to be aected by the dierent gain-
scheduling schemes. As for the frequency, when using the method Quad.+Damp. the damping decreases
with increasing wind speed, going from 15% to 10%. The rst drivetrain mode is also aected. At low wind
speeds the damping ratio is slightly higher when using Quad.+Damp. compared to Lin.. This increase can
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Figure 11. Closed loop aeroservoelastic damping ratios of the rst 10 wind turbine modes. Comparison
between the gain-scheduling methods.
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be important since the mode is low damped close to the switching between the operational regions. In the
case under evaluation the mode even results negatively damped. None of the other rst ten wind turbine
modes seems to be noticeably aected by the choice of the gain-scheduling method.
C. Eects on the loads
In this section the gain-scheduling schemes are compared looking at their eects on wind turbine loads. The
loads are computed with turbulent wind simulations performed with HAWC2. Three dierent wind speeds
are analyzed 12, 15, and 25m/s. The turbulence intensity at each wind speed is set according to the wind
turbine class II-B.12 Figure 12 shows the variation with respect to the Lin. scheme of the standard deviation
of the rotor speed and tower base longitudinal bending moment. The rotational speed has a higher standard
deviation for both methods (Quad. and Quad.+Damp.) at all the wind speeds. The reason for this increase
is due to the dierent location of the regulator mode. Since a lower frequency of the regulator mode means
that the controller action is less aggressive, higher rotor speed variations are expected. The Quad. method
has a lower frequency compared to Lin. at low wind speeds, see Figure 10 on the previous page, and that
justies the 5% increases in the rotor speed standard deviation seen in Figure 12 a). For higher wind speeds
the dierence in the frequency is minimal and therefore no signicant variation in the standard deviation is
present. With the Quad.+Damp. scheme the regulator frequency is always lower compared to the method
Lin. and the gap increases with the wind speed. Hence, the increasing standard deviation for increasing wind
speed when using the Quad.+Damp. method. A controller with a lower regulator frequency is more likely
to generate less loads on the tower since less thrust variations are present and there is less tower excitation
due to the higher gap between the controller frequency and the tower frequency. The lower load can be seen
in Figure 12 b) where the standard deviation of the tower base longitudinal moment decreases when using
the Quad.+Damp. scheme compared to the Lin. and Quad..
V. Conclusions
A comparison of dierent gain-scheduling schemes for a pitch regulated wind turbine PI controller has
been performed. A new gain-scheduling has been derived and introduced. The new approach also takes into
account the dependency of the aerodynamic torque on the rotational speed. When using a high-order linear
model the placement of the regulator mode is modied by the other wind turbine modes. The damping of
the regulator decreases and it gets close to negative values at to the beginning of the above-rated region.
The regulator mode frequency is shifted at higher values compared to the designated one. The new gain-
scheduling improves the placement of the regulator pole guaranteeing an almost constant mode frequency
and a higher damping compared to the traditional methods. The lower regulator frequency leads to a less
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Figure 12. Percentage increase with respect to the Lin. case of the standard deviation of the rotor speed
and tower base longitudinal bending moment.
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aggressive rotor speed regulation and hence to higher rotor speed variations. On the other hand it appears
that the standard deviation of the loads at the tower base is reduced.
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